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Three relativistic particles in addition to the photon are detected in the cosmic microwave back-
ground (CMB). In the standard model of cosmology, these are interpreted as the three neutrino
species. However, at the time of CMB-decoupling, neutrinos are not only relativistic but they are
also free streaming. Here, we investigate, whether the CMB is sensitive to this defining feature of
neutrinos, or whether the CMB data allow to replace neutrinos with a relativistic fluid. We show
that free streaming particles are preferred over a relativistic perfect fluid with ∆χ2 ' 21. We then
study the possibility to replace the neutrinos by a viscous fluid and find that also a relativistic
viscous fluid with either the standard values c2eff = c
2
vis = 1/3 or best fit values for c2eff and c
2
vis has
∆χ2 ' 20 and thus cannot provide a good fit to present CMB data either.
I. INTRODUCTION
The cosmic microwave background (CMB) is the most
precious cosmological dataset which we analyse to deter-
mine the content of our Universe. Alone and in combi-
nation with other data it has been used to infer that our
Universe is presently dominated by dark energy which
may be in the form of a cosmological constant Λ con-
tributing a density parameter of ΩΛ ' 0.7, and pressure
less matter which is dominated by cold dark matter with
ωm = Ωmh
2 = Ωcdmh
2 + Ωbh
2 = ωcdm +ωb ' 0.14 where
the contribution from baryons is ωb = Ωbh2 ' 0.022, see
[1] for the latest values. Here h = H0/(100km/s/Mpc)
and H0 is the present Hubble parameter. Allowing for
generous uncertainties which include the Planck value [1]
as well as local measurements [2] one may allow the range
h ' (0.7±0.05) for the factor h in which the uncertainty
of the value of the present Hubble parameter is absorbed.
(We shall, however not assume any prior for h in our
MCMC analysis.)
Furthermore, there are the photons which make up the
CMB and which contribute Ωγh2 = 2.48×10−5 and there
are cosmic neutrinos. In the standard model of 3 mass-
less neutrino species, they contribute a density parame-
ter of Ωνh2 = 1.69× 10−5. Taking into account neutrino
masses, in the minimal model with normal hierarchy and
with a maximal neutrino mass of 0.056eV [3], one obtains
Ωνh
2 ' 0.5× 10−3.
These are very small numbers. Nevertheless, during
the radiation dominated epoch at temperatures above
about 1eV, neutrinos and photons are the dominant con-
stituents of the Universe, and the neutrinos contribute a
fraction frad = Ων/(Ωγ + Ων) ' 0.4 to the total energy
density of the Universe. At recombination, zdec ' 1100
they still contribute
fdec ' Ων/ (Ωγ + Ων + Ωm/(1 + zdec)) ' 0.1 ,
i.e., 10% to the total energy density of the Universe.
The first indication that cosmic neutrinos are really
present in the Universe in thermal abundance came from
nucleosynthesis calculations. The abundance of primor-
dial helium-4 is very sensitive to the expansion rate at
temperature Tnuc ' 0.08MeV, which is determined via
the Friedman equation by the energy density of the Uni-
verse. At this temperature the energy density is domi-
nated by photons and neutrinos. The observed helium-
4 abundance requires Neff ' 3 ± 1 species of neutri-
nos [4]. Somewhat more stringent results have been ob-
tained from the recent Planck data, Neff = 2.99 ± 0.4,
see [1].
However, the nucleosynthesis results only require a rel-
ativistic component with the given energy density in or-
der to provide the correct background expansion. But
neutrinos are not only relativistic in the early universe,
they possess additional particle properties to which the
background expansion alone is insensitive. Especially,
neutrinos are collisionless below Tν ' 1.4MeV corre-
sponding to the redshift zν ' 1010 where they decouple
from the cosmic fluid. The CMB data is not only sen-
sitive to the presence of relativistic components in addi-
tion to photons via their contribution to the background,
but it also allows us to study their perturbations which
are sensitive to additional particle properties of this rel-
ativistic species which we can then compare with those
expected from true neutrinos.
In the CMB, neutrinos are usually modeled as collision-
less particles in order to mimic the neutrino free stream-
ing – but is CMB data really sensitive to this property
or could we also fit it with a relativistic fluid?
This is the question we address in this work. The CMB
detects three relativistic species apart from the photons.
We will refer to these as ’neutrinos’ for brevity, although
at first, it is not clear that they are the standard model
neutrinos. We shall assume an agnostic point of view
and not choose any model of neutrino interaction. We
just study whether a perfect fluid or a viscous fluid of
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2relativistic particles can fit the present CMB data. More
detailed studies of constraints of neutrino properties with
cosmological data, where the latter are given by concrete
physical models and where not only CMB but also large
scale structure data is considered can be found in Refs. [5,
6]. Another model for cosmic neutrinos which we shall
call the ’viscous free streaming model’ has been studied
before [7–12], however, we shall argue below that this
model is not a perfect nor a viscous fluid. The model
adopted in these works seems to us less natural but it is
certainly complementary to the present analysis.
We first compare the standard CMB-anisotropy cal-
culation with a computation where the relativistic par-
ticles are modeled as a perfect fluid. Awaiting the up-
coming Planck-data release, we compare our models to
the Planck-2013 data with WMAP-polarization. We use
the package Monte Python [13]. We use standard cos-
mological parameters ωb, ωcdm, h, ns, As, zreio along with
the Planck nuisance parameters, see [14].
We fix the background density of the neutrinos to the
Planck-2013 bestfit since the presence of relativistic par-
ticles has been accurately measured and we just want to
investigate how precisely the particle properties of the de-
tected relativistic particles can be measured. This means
we keepNeff fixed. The primordial helium fraction is then
determined by the value of ωb. We have checked that al-
lowing the mass of the neutrinos to vary, does not make
any difference to our results. Therefore, for the sake of
simplicity, we show the results for one massive eigenstate
with the close to minimal mass of 0.06 eV, the other two
eigenstates are treated as massless. We do not adopt any
additional priors. Allowing also Neff and with it the pri-
mordial helium fraction to vary as a function of Neff , does
not alter any of the following results. It leads of course
to larger error bars on the other parameters. We shall
briefly comment on it in the Appendix.
We find that treating neutrinos as collisionless particles
fits the data significantly better than a simple relativistic
perfect fluid.
Next we show that neutrinos can also not be modeled
as a viscous fluid. We also compare our results with
the approach which is found in previous literature [9–11]
which we explain below.
In the next section we describe our calculations and
show the result. In Section III we discuss our findings
and conclude.
II. NEUTRINOS IN THE CMB
In standard CMB computations one assumes that neu-
trinos are massless, free streaming particles and one
solves the Liouville equation for them, see, e.g., [15].
N˙0 + kN1 = 0 , (1)
N˙1 + k
3
[2N2 −N0] = k
3
(Φ + Ψ) , (2)
N˙` + k
2`+ 1
[(`+ 1)N`+1 − `N`−1] = 0 , ` > 1 . (3)
Here N` is the `th multipole moment of the energy in-
tegrated neutrino distribution function in Fourier space
and k is the wave number, while Φ and Ψ are the Bardeen
potentials. The moments 0 to 2 are related to the neu-
trino density perturbation, δν , the potential of the ve-
locity perturbation, Vν ,and the anisotropic stress, Πν , in
longitudinal gauge by
δν = 4(N0 + Φ) , (4)
Vν = 3N1 , (5)
Πν = 12N2 . (6)
One truly only needs these first three moments of the dis-
tribution function since only they enter the energy mo-
mentum tensor which couples to the gravitational field
and affects the evolution of the CMB photons. Never-
theless, in the Liouville equation each mode N` is cou-
pled by free streaming to N`+1 and N`−1 and therefore to
obtain N0, N1 and N2 with sufficient precision one usu-
ally solves the neutrino hierarchy up to `νmax ∼ 10 – 20
in order to minimise problems from so called numerical
’reflections’.
Below we shall consider treating neutrinos as a rela-
tivistic perfect fluid, which corresponds to cutting the
hierarchy at `νmax = 1 or as a relativistic viscous fluid,
which corresponds to cutting the hierarchy at `νmax = 2.
We shall also consider a viscous fluid with arbitrary sound
speed c2eff and viscosity c
2
vis. This corresponds to cutting
the hierarchy at `νmax = 2 and replacing (1) to (3) by the
following system of equations, see [7–9]:
N˙0 + kN1 = H(1− 3c2eff)N0 (7)
N˙1 + k
3
[
2N2 − 3c2effN0
]
=
−H(1− 3c2eff)N1 +
k
3
(3c2effΦ + Ψ) (8)
N˙2 + k
[
3
5
N3 − 3c2vis
2
5
N1
]
= 0 (9)
N˙` + k
2`+ 1
[(`+ 1)N`+1 − `N`−1] = 0 , ` > 2 . (10)
In addition, the fact that the perturbations have to be
evaluated in the rest frame of the fluid, leads to sub-
tle changes of Eqs. (7-9) as described in [12]. We in-
clude these for our modeling of the massive and massless
neutrinos. In our viscous fluid model we differ from the
treatment in the above mentioned papers by cutting the
hierarchy at `νmax = 2 in the and we consistently also set
N3 ≡ 0.
3FIG. 1. The temperature anisotropy spectra at fixed cos-
mological parameters for different values of the cutoff in the
neutrino hierarchy, `νmax = 1, 2, 3, 6, 8, 17. For `νmax > 2 the
result changes very little. In the bottom panel, the differ-
ence between C` for the viscous neutrino fluid (`νmax = 2)
and free streaming neutrinos, is compared to cosmic vari-
ance, which roughly corresponds to the Planck error out to
` ' 2000. For low ` cosmic variance does not allow to dis-
criminate between the viscous fluid model and free stream-
ing neutrinos, but for high ` the difference between these
two models is up to three times larger than cosmic variance
σcv = C
free
` ·
√
2/(2`+ 1)fsky. (Note that here `νmax denotes
the maximal neutrino multipole while ` refers to the CMB
multipoles.)
In Fig. 1, we show the CMB anisotropy power spec-
trum for fixed cosmological parameters by modeling the
neutrino hierarchy up to `νmax. Already for `νmax = 2
the difference between the standard calculation setting
`νmax = 17 becomes very small. Nevertheless, as is vis-
ible from the lower panel, for a cosmic variance limited
experiment, like Planck for ` <∼ 2000, this difference for
`νmax = 2 is highly significant.
In Fig. 2, we show how the fit to the data improves as
a function of the maximally allowed neutrino multipole:
truncating at `νmax = 1, 2 leads to the deteriorated fits
of the ideal and relativistic viscous fluid. Truncating at
`νmax = 5 leads actually to a slightly better fit than solving
the Boltzmann hierarchy up to `νmax = 17. At the same
time, it is evident from Fig. 4 below that the best fit
values and the 1σ contours of the cosmic parameters do
not change when cutting the hierarchy anywhere between
`νmax = 4 and `νmax = 17. The negative ∆χ2 = −1.29 for
`νmax = 5 therefore does not seem to stem from physics
but might be due to numerical inaccuracies and to the
modeling of the experimental uncertainties (see also the
discussion about model ’evidence’ below). But even if
truncating at different `νmax may lead to typical changes
in ∆χ2 on the order of unity, the conclusion that the ideal
and the standard viscous fluid are worse fits than free
streaming neutrinos which we shall draw below, remains
FIG. 2. The improvement of the fit, ∆χ2 = χ2(`νmax) −
χ2(`νmax = 17), as a function of the maximal considered neu-
trino multipole `νmax in the Liouville equations for the neutri-
nos. free streaming neutrinos correspond to ∆χ2 = 0.
valid since their ∆χ2 is much higher.
FIG. 3. The temperature anisotropy spectra for best fit pa-
rameters modeling neutrinos as a perfect fluid (blue), a rela-
tivistic viscous fluid (red) and standard free streaming neutri-
nos (black) are shown. The difference of the best fit spectra
is not visible by eye. However, from the plot at the bottom
which shows the difference in units of the cosmic variance er-
ror it is clear, that the Planck experiment can distinguish the
spectra.
We have investigated whether neutrinos can be mod-
elled by a relativistic perfect or viscous fluid. For this,
we have replaced the massless and massive neutrinos by a
(relativistic) perfect fluid or a (relativistic) viscous fluid
and run the modified CMB code CLASS [16, 17] in com-
bination with Monte Python [13] to find best fit values
of the standard cosmological parameters from the Planck
data. In Fig 3 we compare the spectra obtained in this
way with the spectrum from free streaming neutrinos and
in Fig. 4 we show the best fit parameters. By eye, the
curves look identical. But when considering the differ-
4FIG. 4. The best fit parameters for neutrinos modeled as a perfect fluid (blue), as a relativistic viscous fluid (orange), as a
viscous fluid with arbitrary sound speed c2eff and viscosity c
2
vis (green), and as standard free streaming neutrinos (black) are
shown. We also show free streaming neutrinos with different `νmax as indicated in the legend in light blue to grey shades. The
best fit values of several parameters for the perfect fluid and the free streaming model differ significantly. The best fit values of
most parameters for the viscous fluid and the free streaming model are similar, they all agree within 1.5σ apart from ns which
for the relativistic viscous fluid model differs by more than 2σ. Truncating the Boltzmann hierarchy for the neutrinos at other
maximally allowed ` ≥ 3 (indicated in different shades of blue) leads to parameter constraints that are indistinguishable from
the standard Planck fit, consistent with Fig. 1. Allowing also Neff does not change these results, as can be seen in Fig. 7 in the
appendix.
ence in units of the cosmic variance, it becomes clear
that a cosmic variance limited experiment like Planck
can measure the small difference.
Not only are several of the cosmological parameters
significantly different, see Fig. 4, but the fit is also much
worse. The ∆χ2 for both fluid approximations increases
by:
∆χ2ideal ≈ 21 , ∆χ2visc ≈ 20 . (11)
Let us formulate this in terms of the Bayes factor, K
5(see [18, 19]) which indicates whether model M1 (for us
free streaming neutrinos) is favoured over model M2 (for
us either ideal fluid or viscous fluid neutrinos). The Bayes
factor is defined as [18]
K ≡ P (D|M1)
P (D|M2) =
P (M1|D)P (M2)
P (M2|D)P (M1) =
P (M1|D)
P (M2|D) . (12)
The last equal sign is due to the fact that in our case, both
models have the same parameters so the model spaces are
identical. The difference is only that in model 1 the neu-
trinos are the standard free streaming neutrinos while in
model 2 they are an ideal or a viscous fluid. Since we
want to test exactly this hypothesis (or rather we want
to see whether the CMB data is sensitive to this hypoth-
esis) we cannot give model 2 a smaller model probability.
We therefore set P (M1) = P (M2). Here P (M |D) is the
probability of a model given the data while P (D|M) is
the probability of the data given the model. The prior,
P (D) drops out in the ratio K. But the P (M |D) are ex-
actly the likelihoods which we determine in our MCMC
code, so that
2 log(K) = ∆χ2 . (13)
According to Ref. [19], while −2 < 2 log(K) < 2 is ’not
worth mentioning’ a value 2 < 2 log(K) < 6 can be
interpreted as ’positive’ but not strong evidence while
10 < 2 log(K) is ’decisive’ evidence (see also Appendix B
in [18]). First we conclude that all the fluctuations in
∆χ2 for `νmax ≥ 4 are ’not worth mentioning’. The con-
trary holds for `νmax ≤ 2, in this case the evidence in
favour of the free streaming model is truly ’decisive’.
This shows that cosmic neutrinos cannot be modelled
neither by a relativistic perfect fluid nor by a viscous
fluid. Nevertheless, one may be surprised that the ideal
fluid model is not much more strongly excluded than the
viscous fluid. Also, our value of ∆χ2ideal is significantly
smaller than other values published in the literature, see
e.g. [6]. One reason for this at first surprising finding
is that we include all Planck nuisance parameters in our
MCMC analysis and allow for the priors suggested by
the Planck collaboration. As an illustration of how this
affects the results we show the 1d likelihoods of the nui-
sance parameters in the appendix, Fig. 6. As one can see
there, the fluid models prefer different values for some
of the nuisance parameters, especially the best fit ampli-
tudes of the inferred kinetic SZ-effect, Aksz and of the
cosmic infrared background at 146GHz, Acbi143 are very
different for the ideal fluid model than for the viscous
fluid or free streaming model, but as is evident from
Fig. 6, these parameters are very badly constrained by
the data. The increase in ∆χ2ideal in Ref. [6], however is
not only due to a less conservative CMB analysis but also
to the inclusion of large scale structure data. We avoid
the inclusion of large scale structure data here, in order
to keep the properties of neutrinos at high energies (i.e.
in the early universe) separate from late-time cosmology
effects, where properties of neutrinos can also be used to
explain dark energy phenomenology [20]. Furthermore,
the topic of this work is whether the free streaming of
neutrinos can be detected in the CMB.
To test the importance of the nuisance parameters we
have also run a chain where we fixed them to their best
fit values in the free streaming model. This, of course,
reduces the size of the model space significantly. In this
case the increase in ∆χ2 for both, the ideal and the vis-
cous fluid model in comparison to standard LCDM is
larger namely
∆χ2ideal ≈ 32 , ∆χ2visc ≈ 30 , (14)
with fixed nuisance parameters.
However, these increases in ∆χ2 are not trivial to in-
terpret: fixing the nuisance parameters to the best-fit
values of the Planck collaboration is a form of includ-
ing knowledge about which parameter values the current
CMB data prefer, when fitted with free streaming neutri-
nos. Therefore, the self-consistent values are those given
in Eq. (11).
Let us also compare this analysis with previous
work [9–11] on neutrino clustering properties, where a
somewhat different standpoint has been taken. There,
eqs. (1) to (3) are replaced by eqs. (7) to (10) . A similar,
non-perfect-fluid treatment has already been suggested in
Refs. [7, 8]. However, eqs. (7) to (10) describe neither a
perfect nor an imperfect fluid since the higher moments,
` ≥ 3, are not damped by collisions but evolve like those
of free streaming particles. We dubb this mixture model
’viscous free streaming model’.
The advantage of the viscous free streaming model
is that it is ’nested’ inside the standard model of
free streaming neutrinos with two additional parameters
which take the values c2eff = c
2
vis = 1/3 in the standard
model and previous work, especially [11] have found that
the preferred values of these parameters are indeed close
to the standard relativistic ones. Nevertheless, the phys-
ical meaning of ceff and cvis remains unclear since only
the evolution of the first and second moment but not
higher moments are affected by collisions in this model.
This seems surprising to us and we are not aware of a
physical example which leads to such a behaviour. Usu-
ally, viscosity damps out all higher moments and thereby
inhibits free streaming of all higher moments. Nonethe-
less, it has been found that the viscous free streaming
model succeeds in fitting also the latest Planck Data [1],
preferring again the standard values for c2eff = c
2
vis = 1/3
which represent in fact the only case in which the incon-
sistency between viscosity and free streaming vanishes.
For a more detailed discussion of how the cutting of `-
modes and the effective fluid parameters c2eff and c
2
vis map
to particle properties, see [21].
Modelling a true viscous fluid however, not only re-
quires the introduction of the new parameters c2eff and
c2vis but also either cutting the neutrino hierarchy at ` = 2
or describing the evolution of the higher moments with
a collision term, as e.g. in [5].
6In our model of a viscous fluid we set N` ≡ 0 for all
` ≥ 3 and fit for c2eff and c2vis. As we have discussed above,
this model with c2eff = c
2
vis = 1/3, i.e., the relativistic
viscous fluid, provides a bad fit to the observed CMB
anisotropies. Before concluding that the three relativistic
particles in the CMB are indeed free streaming neutrinos,
we need, however, to check whether another value of c2eff
and c2vis might provide a better fit. Introducing two new
free parameters, will of course improve the fit, and we
find that the difference in χ2 for the best fit with respect
to the relativistic viscous fluid is: ∆χ2 ≈ −0.58, with the
negative sign indicating an improvement of the fit. The
standard value of c2eff = 1/3 is excluded at 3σ whereas
c2vis = 1/3 is compatible within one standard deviation.
Nevertheless, in this case, the model space of the new
model 2 is increased which enhances the Bayes factor in
favour of model 1. A rule of thumb is that each new
parameter has to improve ∆χ2 by at least 1 in order to
compensate the ’Occam’s razor factor’ P (M2)/P (M1) in
Eq. (12). Hence the modest improvement of the best fit
by 0.58 after the introduction of two new parameters,
leads to the conclusion that these two new parameters
are not justified.
For the viscous free streaming model, we find that the
fit improves by ∆χ2 ≈ −3.72 with respect to free stream-
ing neutrinos. This improvement of the fit is somewhat
stronger than what is usually expected when adding two
additional parameters, ∆χ2 ≈ −2, but it leads to a
2 log(K) ' ∆χ2 + 2 = −0.72, hence ’not worth men-
tioning’.
In Fig. 4 we have compared the parameter values ob-
tained by replacing neutrinos by a perfect fluid, a rela-
tivistic viscous fluid or by a viscous fluid with arbitrary
effective sound speed c2eff and viscosity, c
2
vis with the re-
sults for standard neutrinos. For completeness, we com-
pare in Fig. 5 also the parameter constraints for variable
viscosity parameters c2eff = c
2
vis for a viscous free stream-
ing fluid and for a true viscous fluid that cannot build up
moments with order higher than ` = 2.
III. CONCLUSIONS
We have studied how neutrinos are detected in the
CMB. We have shown that they are not only relevant
as additional relativistic degrees of freedom, but CMB
anisotropies and polarisation are also very sensitive to
their clustering properties. While the Planck-2013 data
is in good agreement with free streaming neutrinos, it
cannot be fitted by neutrinos modeled as a relativistic
perfect fluid. The best fit model with perfect fluid neu-
trinos leads to a ∆χ2 = 21 with respect to the best fit free
streaming neutrinos. Even including anisotropic stress,
i.e. allowing for a relativistic viscous fluid cannot fit the
data. The increase in χ2 with respect to the best fit mod-
els with free streaming neutrinos is ∆χ2 ≈ 20. Using
the evidence scale introduced by Jeffrey [18], this result
can be considered as ’decisive evidence’ for neutrino free
streaming in the CMB.
The fit can be improved only slightly when allowing
arbitrary values for the effective sound speed and the vis-
cosity, c2eff and c
2
vis. But including these two additional
parameters and truncating the neutrino Boltzmann hi-
erarchy at `νmax = 2 in order to consistently model a
viscous fluid, the fit improves by ∆χ2 = −0.58 w.r.t.
the best relativistic viscous fluid model with fixed values
c2eff = c
2
vis = 1/3. Therefore, the introduction of these
additional parameters is not favoured.
Using observations of the cosmic microwave back-
ground anisotropies and polarization we have not only
found that there are 3 species of light particles, but we
can also infer that these relativistic particles are free
streaming. This is a significant additional step towards
the detection, albeit indirect, of the cosmological neu-
trino background. These results are robust under the
variation of Neff as an additional parameter and Neff is
found to peak at the standard value of three neutrino
species.
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Appendix: Likelihoods of the nuisance parameters,
Neff
In Fig 6 we show the marginalised 1-parameter distri-
bution of the nuisance parameters used in our analysis
of the Planck data. We use the priors as suggested by
the Planck Collaboration [14]. As one sees in the figure,
several of these parameters are not well constrained by
the data. Also, in the perfect fluid model several nui-
sance parameters take quite different values than for the
viscous fluid or the free streaming model. This allows the
perfect fluid model to fit the data not significantly worse
than the viscous fluid model. Fixing these parameters
leads to a somewhat larger value of ∆χ2ideal−∆χ2visc ' 2
(see Eq. (14).
In Fig. 7 we compare the two dimensional likelihoods
of both, the ideal fluid model and the viscous fluid model
with and without varying Neff . Even though the error
bars of course increase when including this additional pa-
rameter, the main results are unchanged. While the peak
value of Neff for the viscous model changes by less than
one standard deviation, the ideal fluid would actually
prefer a lower Neff . Note also that the width of the dis-
tribution of Neff in the viscous fluid model is very similar
to the standard one, (see [14], Fig. 21) while for the ideal
fluid model Neff is somewhat more constrained. Never-
theless, the increase in ∆χ2, which is the main point of
this study, remains stable.
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FIG. 6. The 1d likelihoods of the Planck nuisance parameters for free streaming neutrinos (solid, blue), the viscous fluid model
(dotted, green) and the ideal fluid model (dashed, orange). The best fit values indicated on top of each panel are those of
the viscous model. Especially the best fit amplitudes of the kinetic SZ-effect, Aksz and of the cosmic infrared background
at 146GHz, Acbi146 are not well constrained and are very different for the ideal fluid model and for the viscous fluid or free
streaming model.
10
FIG. 7. Comparing the results of Fig.4, with the results for a varying Neff . The inclusion of the parameter Neff does not
significantly alter the best fit values of the other cosmological parameters, and Neff itself peaks at around the standard value of
three neutrino species. The 1-parameter likelihoods of the ideal fluid model remain virtually unchanged. Those of the viscous
fluid model change mainly by widening. The best fit parameters move by less than one standard deviation.
